Abstract-When designing wireless communication systems, it is very important to know the optimum numbers and locations for the access points (APs). The impact of incorrect placement of APs is significant. Placing too many access points increases the cost of deployment and interference, while placing too few access points can lead to coverage gaps. In this paper we describe a novel mathematical model developed to find the optimal number of APs and their locations in an environment that includes obstacles. To solve the problem, we use a new global optimization (AGOP) algorithm. The results obtained indicate that our model and software is able to solve optimal coverage problems for a design area with different number of users.
I. INTRODUCTION
The primary goal of Wireless Local Area Network (WLAN) is to provide connectivity, or in other words coverage at all desired locations. Coverage is governed by the number and placement of APs.
The method used by network operators to find the placement of AP is based on the RF (radio frequency) site survey. This method is expensive and its results are not very reliable due to characteristics of the building and location of users that can change with time [1] .
Another approach that is used by researchers [1]- [12] to find the optimal number and placement of APs is through the use of mathematical modeling and optimization techniques. Most of the authors [1]- [7] use discrete mathematical models to find the position of APs. In this case, the design area is divided into rectangles (grids). APs are only allowed to be placed in the centers of the rectangles. To obtain satisfactory results, the size of the grid must be sufficiently small. However, in this case, the dimension of the problem can be very high. For this reason some authors [8] - [12] prefer continuous mathematical models. In this approach, no restriction is placed on the position of APs.
The model investigated in the current paper is based on applying continuous optimization techniques to determine the minimum number of APs and their position for a design area that includes obstacles while coverage of the area is assured.
In general, small distances between transmitter and receiver and the type and number of obstructions (walls, furniture, door/or window) through which the radiated energy must pass, dominate indoor radio propagation. The presence of obstacles causes signal to reach a receiver through several paths with various strengths. Multi-path propagation causes the received signal, and hence the objective functions to be discontinuous. Solving these types of problems using existing optimization algorithms is very difficult.
We will use a nonsmooth optimization approach and the global optimization algorithm (AGOP) [13] , [14] . It does not require gradient (or gradient like) information and can be applied to a wide range of nonsmooth functions.
The paper is organized as follows: Section II shows the model notation. Section III presents the optimization model. The solution method is described in Section IV. Results and the effect of AP parameters on coverage are discussed in Section V. The final section summarizes the paper and discusses future research.
II. GENERAL NOTATIONS
Throughout this paper the following notation is used: a>, j= 1.,N Access points (AP) [6] , [8] - [10] have used path loss while others [11] , [12] have used power at the receiver to develop their optimization problem. In this paper we follow the first approach to find the optimal placement of APs. Path loss model is the core of the signal coverage calculation for any environment [15] . It describes the loss of signal strength due to distance and obstacles between transmitter and receiver. Path loss models can be used to calculate the coverage area of 0-7803-9392-9/06/$20.00 (c) 2006 IEEEAP and maximum distance between the two term hoc network.
A. Model Description
The objective function in this paper is based oi The path loss for each receiver should satisfy t condition: min g (aj, ri)< gmax Vi = 1,
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These constraints state that path loss is evali the maximum tolerable path loss gmax. This ens quality of coverage at each receiver location is ab threshold. This given value, gmax can be c, subtracting receiver threshold from transmitter poi gmax = Pt -Rth. 
B. Finding the Number and Location ofAPs
Initially we set the number of APs to 1. Then the necessary number of APs is found through the following steps:
1. Try to minimize the function Fl.
2. If the solution is 0, then N is the desired number; 3. Otherwise, Nis increased by 1: N= N+; 4. Go to step 1.
C. Method ofTesting
In this paper we report the results we obtained for a floor plan that was tested in [1] . This floor plan shown in Fig. 1 
E. Static AP and Mobile Users
The goal of the solution to the optimization problem is to provide coverage for the design area. The location of users in the design area is set by the design specification, while the location and number of APs are to be found by the program. Once, the number and placement of APs are found, they are installed permanently. In order to make users mobile, coverage should be provided for all parts of the design area, that is, potential users should be placed in all parts of the building. Although users in the model and in the pictures seem static, they can move around because coverage is provided for the entire area.
V. RESULTS
In order to show the position of APs clearly, users are removed once the number and position of APs are found. Table I shows figure number, processing time and optimal number and placement of APs for some of the values of Pt and Rth. Maximum tolerable path loss (gmax) is calculated using (2) . When Pt = 20 dBm and Rth = -80 dBm (gmax = 100 dB), our program found two APs that can cover all parts of the building (see Table 1 ,). This is the same as the result obtained in [1] . Fig. 2 shows the number and placement of APs. When Pt = 20 dBm and Rth = -60 dBm (gmax = 80 dB), a significant result was obtained: our program found 4 APs that can provide 100% coverage in contrast to 5 APs that was found in [1]. Fig. 3 shows placement of APs.
To make sure that total coverage is obtained, we connected users to their nearest APs and calculated their path loss using (6) . If this path loss to any of the AP is less than gmax, then we know that user is covered by that particular AP. To show this process, we provide two examples shown in Fig. 4 . In this figure userl is connected to all APs. The calculated path loss for this user to AP3 and API is more than gmax because of the type of walls that are separating this user from the two APs. The path loss to AP2 is 68.64 dB and to AP4 is 74.6 dB. Hence, userl is covered by both AP2 and AP4. However, AP2 provides a stronger signal for this user than AP4 because of lower path loss. In the case where AP2 is out of order, userl can communicate with AP4. User2 provides the second example. This user is not covered by AP3 and AP4 because there are many walls between them. Path loss from this user to AP2 is 77.59 dB and to API is 84.13 dB. Therefore, we can conclude that user2 can only communicate with AP2 because path loss is less than gmax.
Further tests show that when Rth decreases to lower values such as -95 dBm, while Pt is kept at 20 dBm, one AP can cover the area. If Pt decreases, while Rth remains at -60 dBm, more
APs are required. This is due to coverage distance that is decreasing. For example, Fig. 5 shows that when Pt = 10 dBm and Rth= -60 dBm, coverage of the area is assured by 8 APs.
If Rth is reduced further to -55 dBm, 14 APs are required to cover the entire area. This test shows that the capacity for users can be increased by decreasing the Pt and increasing Rth.
B. Effect ofNumber of Users on the Number ofAPs
In order to further decrease the cost of deployment, we decided to provide coverage for the public areas instead of the entire area. This is applicable in places where coverage of places such as offices that are equipped with PCs is not necessary. To conduct this test, we removed users that are located in small rooms (offices). Fig. 6 shows that when Pt = 10 dBm, and Rth =-60 dBm, 6 APs are sufficient to cover users in contrast to 8 APs that is necessary to cover entire area.
With Pt = 20 dBm and Rth= -60 dBm, users are covered with 3
APs instead of 4 APs in the first case.
Number of users was further decreased to 158 by removing the ones that are in hallways. This didn't affect the number of APs when Pt is high. This is due to distribution of users and large coverage distance of APs. Effect could be observed if users are distributed in clustering format. However, Fig. 7 shows that when Pt is reduced to 10 dBm, and Rth is kept at -60 dBm, number of APs is further reduced to 5. This is due to coverage distance that is decreasing.
C. Optimal Number ofAPs
In order to determine if the solution obtained by our software is optimal, we conducted an exhaustive enumeration tests. The procedure we adopted is; first we removed one of the APs in order to distinguish users who were covered by removed AP. Then the position of remaining APs is changed for so many times to find if they can cover all users. We show our procedure in an example where Pt 10 dBm and Rth= -94 dBm. Fig. 8 shows the position of APs. When coverage distance of these two APs was calculated, it appeared that one AP should be sufficient. By removing API, we found users who were covered by this AP. This is shown in Fig. 9 . Then, AP2 was moved to many positions aiming to find the best place where it could cover all users. After many trials, it was concluded that one AP is not sufficient. Fig. 10 shows two users on the right that could not be covered by AP2. It was noted that if the loss associated to the wall shown in Fig. 10 is changed from 6 dB to 3 dB, then building (all users) could be covered by one AP when Pt= 10 dBm and Rth= -94 dBm.
C. Processing Time
Condition of experiments. Tests were conducted on a PC that is equipped with Pentium 4 processor, CPU of 3 GHz, and 496 MB of RAM. Codes are written in C++.
As it is shown in table I, total processing time for finding 8
APs and their location when Pt = 10 dBm and Rth= -60 dBm is 644.18 seconds. In the case where Pt = 20 dBm and Rth= -95 dBm, processing time to find 1 APs and its location is 2.46 seconds. As can be seen in table II, the processing time depends on the number of users and obstacles in the area.
VI. CONCLUSION
This paper investigates a novel approach to coverage problem in WLAN based on minimizing a nonnegative objective function that is 0 only when the coverage of the entire area is assured. We used a new global optimization algorithm to solve the mathematical model. The model was tested using different values of Pt and Rth. The results obtained indicate that the model described above can be used for finding the optimal number and placement of APs while covering all parts of design area. It is observed that the dimension of the building, number of users and their locations and the value of Pt and Rth has an effect on the number and placement of APs needed to cover an area. As the power of AP decreases, the coverage distance decreases as well. Hence, more APs are required to cover area/users as it was expected. This feature can be used to increase capacity for the users who are performing critical activities.
Further research will involve in enhancing the security of the network by controlling the amount of radiation of APs beyond the design area. When APs are kept away from exterior walls, intruders will have less chance in accessing the network. We will also investigate the effect of shadow fading on the number of APs, limiting number of users per AP in order to increase capacity for each user, and limiting the overlapping of APs. 
